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Loss of Kv3.1 Tonotopicity and Alterations in cAMP
Response Element-Binding Protein Signaling in Central
Auditory Neurons of Hearing Impaired Mice

Christian A. A. von Hehn,* Arin Bhattacharjee,* and Leonard K. Kaczmarek
Department of Pharmacology, Yale University School of Medicine, New Haven, Connecticut, 06520

The promoter for the kv3.1 potassium channel gene is regulated by a Ca 2�–cAMP responsive element, which binds the transcription
factor cAMP response element-binding protein (CREB). Kv3.1 is expressed in a tonotopic gradient within the medial nucleus of the
trapezoid body (MNTB) of the auditory brainstem, where Kv3.1 levels are highest at the medial end, which corresponds to high auditory
frequencies. We have compared the levels of Kv3.1, CREB, and the phosphorylated form of CREB (pCREB) in a mouse strain that
maintains good hearing throughout life, CBA/J (CBA), with one that suffers early cochlear hair cell loss, C57BL/6 (BL/6). A gradient of
Kv3.1 immunoreactivity in the MNTB was detected in both young (6 week) and older (8 month) CBA mice. Although no gradient of CREB
was detected, pCREB-immunopositive cells were grouped together in distinct clusters along the tonotopic axis. The same pattern of
Kv3.1, CREB, and pCREB localization was also found in young BL/6 mice at a time (6 weeks) when hearing is normal. In contrast, at 8
months, when hearing is impaired, the gradient of Kv3.1 was abolished. Moreover, in the older BL/6 mice there was a decrease in CREB
expression along the tonotopic axis, and the pattern of pCREB labeling appeared random, with no discrete clusters of pCREB-positive
cells along the tonotopic axis. Our findings are consistent with the hypothesis that ongoing activity in auditory brainstem neurons is
necessary for the maintenance of Kv3.1 tonotopicity through the CREB pathway.
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Introduction
Age-related hearing-loss (presbyacusis) is the most common
cause of adult auditory deficiency in the United States. Although
progressive loss of hair cell function is a main pathogenic factor,
it is not clear whether presbyacusis involves only the dysfunction
of sensory hair cells or whether there are also resultant changes in
auditory neurons (Boettcher, 2002; Seidman et al., 2002). In the
C57BL/6 (BL/6) mouse strain, loss of sensory hair cells begins
during early adulthood, starting in the base of the cochlea and
progressing toward the apex as aging continues (Spongr et al.,
1997). In contrast, the CBA/J (CBA) mouse strain exhibits no
significant cochlear pathology until relatively late in life. As a
consequence, the comparison of BL/6 and CBA strains is often
used as an experimental model for age-related and sensorineural
hearing loss (Willott et al., 1992; McFadden et al., 2001; Willott,
2001; Prosen et al., 2003). Other mouse strains, such as the
DBA/2J strain, also develop severe hearing deficits (Willott and
Bross, 1996).

The first integration of binaural inputs occurs in the superior

olivary complex (SOC). Within the SOC, the medial nucleus of
the trapezoid body (MNTB) functions as a fast sign-inverting
relay station. Precisely timed inhibitory input from the MNTB to
the medial and lateral superior olive is required for comparison of
interaural time and level differences and therefore for sound lo-
calization (Grothe, 2003). Like most auditory nuclei, the MNTB
is organized tonotopically, such that neurons located medially
conduct information about higher frequencies, whereas laterally
located neurons relay information on lower frequencies. Al-
though the tonotopic organization of sensory hair cells is largely
a result of the mechanical organization of the cochlea (Rubel and
Fritzsch, 2002), it is not known how this organization is preserved
in the CNS, nor is it known which proteins determine this tono-
topic ordering. In chicks, however, it has been shown that the
tonotopic organization of the nucleus magnocellularis, a nucleus
with properties similar to the MNTB, is stimulus dependent (Co-
hen and Saunders, 1994).

The potassium channel Kv3.1 is generally expressed in neu-
rons that are capable of firing action potentials at high rates. It is
expressed at particularly high levels in the auditory brainstem,
including the MNTB (Luneau et al., 1991; Perney et al., 1992;
Weiser et al., 1995; Wang et al., 1998a; Grigg et al., 2000). Appro-
priately, Kv3.1 protein has been shown to be expressed tonotopi-
cally in rat MNTB (Li et al., 2001) and avian auditory nucleus
magnocellularis (Parameshwaran-Iyer et al., 2001), with highest
expression occurring in neurons at the high frequency end of the
tonotopic axis.
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Kv3.1 is the only neuronal potassium channel for which tran-
scription is known to be regulated by the CA2�– cAMP-
responsive element binding protein (CREB) transcription factor
(Gan et al., 1996; Lonze and Ginty, 2002). Moreover, the expres-
sion of this potassium channel in the inferior colliculus has been
shown to be regulated by depolarization (Liu and Kaczmarek,
1998). CREB is perhaps the best-characterized transcription fac-
tor that is activated by external stimulation of a cell. All signaling
pathways that activate CREB lead to phosphorylation of the pro-
tein at serine 133 (Ser133) (Shaywitz and Greenberg 1999; Lonze
and Ginty, 2002). It has been shown previously that the phospho-
rylational state of CREB in the auditory brainstem can be modu-
lated through changes in cochlear input (Illing et al., 2002).

In this study we have examined the localization of Kv3.1,
CREB, and the phosphorylated form of CREB (pCREB) in
normal-hearing CBA mice at both 6 weeks and 8 months of age,
and in BL/6 mice at the same stages. At 6 weeks the hearing of
BL/6 mice is apparently normal, whereas at 8 months hearing is
clearly impaired (Parham and Willott, 1988; Spongr et al., 1997;
McFadden et al., 2001).

Materials and Methods
Six-week- and 8-month-old CBA/J and C57BL/6 and 8-month-old
DBA/2J male mice were tested for auditory impairment with a startle test
(Parham and Willott, 1988). All groups of mice reacted strongly to a loud
acoustic stimulus with the exception of the 8-month-old C57BL/6 and
the 8-month-old DBA/2J animals, which showed little or no response.
Immunohistochemistry was performed as described previously (Bhatta-
charjee et al., 2002). Anti-CREB and anti-pCREB were purchased from
Cell Signaling Technology (Beverly, MA). The antibody dilution for
CREB and pCREB was 1:100 as per manufacturer’s guidelines. For the
anti-Kv3.1 antibody, the dilution was 1:500 as described previously (Per-
ney and Kaczmarek, 1997).

All pictures were taken on an Olympus BX60 microscope by using a
SPOT RT digital camera (Diagnostic Instruments, Sterling Heights, MI).
Optical density (OD) and integrated optical density (IOD) were mea-
sured using ImagePro Plus software (Media Cybernetics, Silver Spring,
MD). For CREB and pCREB, the software automatically determined
nuclear staining. For Kv3.1, the outline of each cell was drawn manually,
and the maximal optical density was measured. Where appropriate, the
relative optical density was calculated by normalizing all obtained optical
densities on a section to the highest density on the section.

Results
In coronal sections of the brainstem, neurons within the MNTB
are organized tonotopically, with low-frequency neurons located
laterally and high-frequency neurons located medially (Sommer
et al., 1993; Ehret and Romand, 1997). Mice with functional hear-
ing, namely young CBAs, old CBAs, and young BL/6, show a clear
tonotopic distribution of Kv3.1 expression over the medial–lat-
eral axis of the MNTB (Fig. 1). Highest levels of Kv3.1 are de-
tected at the medial, high-frequency end of the nucleus. These
results are consistent with what has been reported previously for
the MNTB of the rat, which has no auditory dysfunction (Li et al.,
2001). The tonotopic gradient of Kv3.1 was absent, however, in
hearing-impaired mice (old BL/6 and DBA/2J), in which uniform
staining for Kv3.1 was found within the MNTB (Fig. 1, bottom
panel). It should be noted that Kv3.1 immunoreactivity was not
absent in the older BL/6 animals but that the staining, as deter-
mined by densitometry, remained constant over the tonotopic
axis, with slopes not differing significantly from zero (Fig. 1, bot-
tom panel). Because Kv3.1 channels are present in both presyn-
aptic terminals and somata within the MNTB (Wang et al.,
1998b), the decrease in levels of Kv3.1 protein within auditory

brainstem neurons of the older BL/6 mice is likely to represent
changes in both compartments.

The kv3.1 gene is regulated by CREB and by depolarization
(Gan et al., 1996; Liu and Kaczmarek, 1998). We therefore deter-
mined whether CREB itself is distributed tonotopically within the
MNTB and whether CREB expression is attenuated in hearing-
impaired mice. By sectioning and staining in the same manner as
for Kv3.1, we found that there is no significant gradient of CREB
across the tonotopic axis of the MNTB (Fig. 2A,B). Nevertheless,
there was a significant difference in CREB immunoreactivity be-
tween the hearing and hearing-impaired mice (Fig. 2B,C). CREB
immunoreactivity was almost 50% lower in old BL/6 mice com-
pared with CBA mice of the same age (Fig. 2A–C). The decreased
immunoreactivity was detected over the entire tonotopic axis
(Fig. 2A,B). We found a similar decrease in CREB immunoreac-
tivity in the ventral cochlear nucleus (VCN), which provides af-
ferent input to the principal cells of the MNTB. In contrast, we
found no differences in CREB immunoreactivity between young
BL/6 and CBA animals (data not shown).

As a control for this difference in CREB staining between the
8-month-old BL/6 and CBA mice, we also analyzed CREB stain-

Figure 1. Quantification of tonotopic gradient of Kv3.1 in the MNTB. Left, Coronal sections of
the MNTB of CBAs and BL/6 mice (6 weeks and 8 months). Right, Four individual sections for
each strain and age group were divided in five equal segments from lateral to medial. The mean
Kv3.1 OD of all cells within each segment was measured and normalized to the darkest cell in
each section. The gradient of Kv3.1 immunoreactivity is clear in all sections ( p � 0.05), except
for old BL/6 mice. The data are representative of four animals for each age group and strain.
Lines through data show results of regression analysis; R values for sections from young CBA:
0.9142, 0.90744, 0.94096, 0.96983; R values for sections from old CBA: 0.96237, 0.96336,
0.96249, 0.93388; R values for sections from young BL/6: 0.97647, 0.97202, 0.98277, 0.82361;
R values for sections from old BL/6: 0.77473, �0.43453, �0.05161, �0.7349. Scale bar, 250
�m. A tonotopic gradient in Kv3.1 immunoreactivity was also absent in 8-month-old DBA/2J
mice, which are hearing impaired (data not shown).
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ing in the cerebella of the two species. Such staining would not be
expected to be influenced by changes in auditory function. In
coronal sections of the mouse brainstem, the MNTB and parts of
the cerebellum are located on the same slice (Franklin and Paxi-
nos, 1997) and therefore are stained in exactly the same way. No
differences in CREB immunoreactivity could be found in the
Purkinje cells of old CBA and old BL/6 mice (Fig. 2D). These
results strongly suggest that the difference in CREB staining for
the MNTB was a feature inherent to the MNTB and not caused by
a variation of staining from section to section.

Because CREB is only active as a transcription factor when it is
phosphorylated, we investigated the distribution of activated
pCREB by staining sections of the MNTB with a CREB–Ser133
phospho-specific antibody. Interestingly, in mice with intact au-
dition (6-week- and 8-month-old CBA, 6-week-old BL/6), we
found a pattern that differed from mouse to mouse. Like CREB
itself, the staining for pCREB was confined to the nucleus. Nev-
ertheless, only subsets of neurons were labeled with the pCREB
antibody, whereas others appeared devoid of labeling. Strikingly,
labeled neurons were always grouped into discrete clusters, which
were distributed along the tonotopic axis in each section (Fig. 3).

To quantify the clustering along the tonotopic axis, we first
established that pCREB labeling was binary, i.e., that a given neu-

ron could be uniquely assigned as pCREB positive or pCREB
negative. The distribution of densities detected in neurons
stained for pCREB was found to be clearly bimodal (Figs. 3A,
insert, 4A, insert), with the peak of the lower density correspond-
ing to unstained nuclei. As a result, it is possible to give each
neuron a score of “1” for a stained nucleus and “0” for an un-
stained nucleus (Figs. 3, 4). Figure 3 illustrates the clustering of
pCREB staining along the medial to lateral axis in the form of a
“bar code” for four different MNTBs of normal-hearing old
CBAs. To quantify the pattern of clustering of pCREB staining we
used the Runs test for detecting non-randomness and obtained p
values (�0.0001) for all sections, indicating that these sequences
are significantly different from a random distribution of staining.

In contrast to the normal-hearing animals, pCREB labeling in
the hearing-impaired BL/6 and DBA/2J mice provided no evi-
dence of clusters along the medial–lateral axis. Instead, staining
appeared to be randomly distributed over the tonotopic axis of
the MNTB, as revealed by a comparison of the barcodes for these

Figure 2. CREB immunoreactivity in the MNTB and the cerebellum. A, Examples of four
MNTB sections from each strain and age group. B, The MNTB was divided into six equal seg-
ments from lateral to medial. The IOD was measured for individual cells of each section. Lines
through data show results of regression analysis. Comparing the two strains, from lateral to
medial, no tonotopic increase of CREB immunoreactivity was found. Slopes of both lines did not
significantly differ from zero; R value for old CBA: �0.77121; R value for old BL/6 �0.89616. C,
There was a �50% decrease, however, of total CREB immunoreactivity in the MNTB of BL/6
compared with CBA. D, Using the same sections containing the MNTB, we also examined cere-
bellar Purkinje cells of both strains; there was no significant difference in IOD between the two
strains. n � 5 for both strains; error bars represent SEM; *p � 0.05 determined by unpaired t
test. Scale bar, 250 �m.

Figure 3. pCREB immunoreactivity in MNTB of old CBAs. A, Example of a coronal MNTB
section of an 8-month-old CBA stained for pCREB. Inset, Density distribution histogram dem-
onstrating the bimodality of pCREB staining. B, Optical densities over nuclei from all cells within
four individual MNTBs were counted across the medial–lateral axis. Cells with a relative pCREB
OD �0.5 were assigned 1; cells with a relative pCREB OD �0.4 were assigned 0. The data are
representative of five animals for each age group. Scale bar, 250 �m.
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animals (Fig. 4). Defining a cluster as one or more adjacent
stained cells, we found that the pattern of pCREB staining of
hearing-impaired animals was significantly different from that of
the hearing mice (mean cluster size CBA: 9.13 � 2.98 (SEM) cells;
mean cluster size BL/6: 1.77 � 0.08 cells; p � 0.0001).

As shown here for the MNTB, pCREB labeling in the VCN of
normal-hearing CBA and 6-week-old BL/6 mice also revealed
discrete clusters of staining, and again in 8-month-old BL/6 mice,
pCREB staining appeared to be distributed randomly in the VCN
(data not shown).

Discussion
We have found that a tonotopic gradient of Kv3.1 expression in
the MNTB is present in young BL/6 mice when their hearing is
normal but that the gradient is lost later in life when hearing is
impaired. The loss of the gradient is accompanied by a decrease in
CREB and a change in the distribution of pCREB, the activated,

phosphorylated transcription factor. In particular, the deficit in
hearing is associated with the loss of discrete clusters of pCREB-
positive cells along the tonotopic axis. In contrast, in the CBA
mouse species, which maintains good hearing throughout its life,
the tonotopic gradient of Kv3.1 and the localization of pCREB to
discrete cell clusters in the MNTB are maintained through adult-
hood. Although loss of sensory input is associated with a small
loss of neurons in some central nuclei (Willott and Bross, 1996),
our measurements were made on stained cells with intact nuclei
and normal morphology, indicating that the changes in the dis-
tribution of Kv3.1 and CREB result from altered expression and
are not secondary to any change in cell number.

The genetic basis for the loss of cochlear hair cells in BL/6 mice
is thought to be caused by a genetic defect of the cdh23 gene
(Noben-Trauth et al., 2003). If this defect is confined to hair cells,
our work strongly suggests that a normal ongoing pattern of
auditory stimulation in the auditory brainstem is required for
maintenance of expression of the transcription factor CREB, its
state of phosphorylation, and the tonotopic gradient of the po-
tassium channel Kv3.1. Other ion channels (e.g., Kv1 and Kv3)
are also expressed in the auditory brainstem (Ishikawa et al.,
2003). Inspection of the upstream regions for these channel
genes, however, indicates that there are no CRE consensus sites in
the promoter regions. This suggests that these channels are not
directly regulated by CREB, although their expression could be
regulated by activity through other transcription factors.

Because the transcription of the Kv3.1 is regulated by CREB
(Gan et al., 1996), it is likely that the altered pattern of CREB
phosphorylation contributes directly to the loss of the gradient in
Kv3.1 expression in the 8-month-old BL/6 animals. In particular,
deletion of the CRE from the Kv3.1 promoter does not influence
basal transcription of the Kv3.1 gene but prevents the stimulation
of transcription by the CREB pathway (Gan et al., 1996). It is very
likely, however, that other factors must also contribute to the
establishment of the Kv3.1 gradient. For example, the gene for
CREB itself has a CRE and is regulated by CRE in its promoter
(Meyer et al., 1993; Coven et al., 1998) but is not distributed
tonotopically in the MNTB. One difference between the promot-
ers of Kv3.1 and CREB is that the Kv3.1 promoter has an ap-1 site
(Meyer et al., 1993; Gan et al., 1996). The transcription factor
AP-1 is not a single transcription factor but instead a series of
related dimeric complexes of Fos and Jun (Wisdom, 1999). The
immediate early genes c-fos and junD are also known to have
CREs in their promoters (Lonze and Ginty, 2002). It is possible
therefore that the interplay of CREB and AP-1 contributes to
maintaining the tonotopic gradient during normal activity.

A decrease in Kv3.1 levels would be expected to compromise the
ability of auditory neurons to maintain temporal precision at high
rates of stimulation. In brain slice preparations, MNTB neurons lock
their action potentials to imposed stimuli at frequencies of up to 600
Hz (von Gersdorff and Borst, 2002; Macica et al., 2003). In contrast,
deletion of the kv3.1 gene in mice impairs the ability of MNTB
neurons in slices to follow imposed frequencies greater than �200
Hz (Macica et al., 2003). Moreover it is not necessary for neurons to
fire at such frequencies for a deficit to be apparent. Loss of the ability
to fire at high frequencies is associated with a failure to respond
accurately with high temporal resolution to even a pair of stimuli
that are closely spaced in time (Macica et al., 2003). If Kv3.1 levels
and tonotopicity are regulated by ongoing activity in auditory path-
ways, it is possible that a decrease in Kv3.1 levels in auditory brain-
stem neurons also occurs in human presbyacusis, where the hearing
impairment is especially dominant at higher frequencies (Seidman
et al., 2002). Age-related hearing loss is associated with poor speech

Figure 4. pCREB immunoreactivity in MNTB of old BL/6 mice. A, Example of a coronal MNTB
section of an 8-month-old BL/6 stained for pCREB. Inset, Density distribution histogram dem-
onstrating the bimodality of pCREB staining. B, The optical densities over nuclei from all cells
within four individual MNTBs were counted across the medial-lateral axis. Cells with a relative
pCREB OD�0.5 were assigned 1; cells with a relative pCREB OD�0.4 were assigned 0. The data
are representative of four animals for each age group. Scale bar, 250 �m. A similar pattern of
pCREB immunoreactivity was found in hearing-impaired DBA/2J mice (data not shown).
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discrimination and sound localization, particularly in the presence
of background noise.

We have found that pCREB-immunopositive cells are distrib-
uted in clusters of cells within relatively broad frequency bands
along the tonotopic axis of the MNTB. One of the most common
stimuli leading to CREB phosphorylation in neurons is Ca 2�

influx through voltage-dependent channels activated by neuro-
nal firing, and even short bursts of action potentials have been
found to activate CREB phosphorylation (Bonni et al., 1995;
Chawla et al., 1998). The clusters within the bar codes of pCREB
staining in the MNTB of normal hearing mice could therefore
represent selective staining of neurons that were active before the
nervous system was fixed. Within the MNTB and the VCN, neu-
rons in close proximity to each other have overlapping tuning
curves, and location of the clusters along the tonotopic axis may
therefore correspond to sound frequencies that were most repre-
sented in some period of time before they were “frozen” onto the
tonotopic axis of the MNTB. Phosphorylation of CREB at Ser133,
however, is necessary but not sufficient to achieve transcription
in activated neurons (Bito et al., 1996; Lonze and Ginty, 2002). In
particular, activation of kv3.1 transcription may require phos-
phorylation to be maintained for a specific duration or may also
require additional changes in neuronal activity or activation of
second messenger pathways. Nevertheless the disruption of the
characteristic clusters of pCREB staining in the older hearing-
impaired BL/6 mice suggests that the normal pattern of activity
that sustains transcription of the kv3.1 gene is disrupted.
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